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Magnetic profile and interlayer exchange coupling in fcc Fen ÕNim „001… superlattices
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We have performedab initio calculations to study the electronic and magnetic structures of fcc
Fen /Nim(001) superlattices. A ferromagnetic coupling between Fe and Ni atoms is always obtained at the
interfaces for any value ofm or n. The interlayer exchange coupling between adjacent Nim slabs through Fen
spacer displays an oscillatory behavior which is strongly modified when mixed Fe-Ni interfaces are considered.
The iron atoms close to the interface form an induced ferromagnetic arrangement whereas the atoms inside the
fcc Fe film give rise to an antiferromagnetic order. The compositional ordering at the Fe/Ni interface introduces
a c(232) type of antiferromagnetism in the Fe layers in the case of ferromagnetic interlayer exchange
coupling.
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I. INTRODUCTION

The fcc Fe/Ni superlattice is a very peculiar system
lated to the magnetic instability of theg-Fe and the
ferromagnetic-induced polarization effect by the Ni slab
Fe atoms which depends on the local ordering. Of particu
interest is the complexity of the interaction between the m
netic and compositional ordering. Recently, much attent
has been addressed to this system by various experim
groups.

Lu et al.1 have studied the epitaxial growth ofg-Fe on
Ni ~001! at room temperature with low-energy electron d
fraction ~LEED! and Auger electron spectroscopy. Their e
periments indicate that Fe grows on the Ni~001! in a strained
fcc structure, but films thicker than about six layers cont
domains of the stable bcc phase. With a primary-be
diffraction-modulated electron emission~PDMEE! and sec-
ondary electron imaging techniques, Gazzadiet al.2 pre-
dicted that for Fe films on a Ni~001! substrate the transition
to the bcc phase occurs through nucleation of bcc~110!
domains with the bcc@111#ifcc@110# orientation. In Ni/Fe/
Ni~111! trilayers, Fratucelloet al.3 measured, by Mo¨ssbauer
spectroscopy, a high hyperfine field~'28 T! assigned to Fe
atoms close to Fe-Ni interface with a high-spin ferroma
netic state and a low hyperfine~'8 T! field corresponding to
inside Fe atoms with a low-spin antiferromagnetic state.

Edelsteinet al.4 have measured with a superconducti
quantum interference device~SQUID! magnetometer a
strong magnetic coupling between the Ni and Fe layers at
interface which enhances the magnetization of both Fe
Ni atoms. By using x-ray diffraction, Kuch and Parkin5 have
studied the structure of the Fe spacer in the Fe/Ni~001! mul-
tilayers. They show that, as the Fe layer thickness is
creased, its structure varies from a vertically expanded
structure~,7 Å! to a nearly relaxed fcc phase~,14 Å!, and
finally to a bcc~011! phase. These three phases are resp
tively ferromagnetic, antiferromagnetic, and ferromagne
Kuch et al.6 have used a combination of photoelectron em
sion microscopy and magnetic circular dichroism in s
0163-1829/2002/66~14!/144428~7!/$20.00 66 1444
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x-ray absorption~XMCD! to study the magnetic phase o
Ni/Fe/Co/Cu~100!. They obtained three magnetically diffe
ent thickness regions of Fe with effective spin moments
atom of 2.5mB ~below 3.5 ML!, 0.7mB ~3.5–11 ML!, and
2.0mB ~above 11 ML!. By LEED and XMCD, O’Brien and
Tonner7 found distinct magnetic phases for the growth of
film on Ni. For Fe coverages below 5 ML the films are fe
romagnetic, and between 5 and 11 ML the films are nonm
netic, but include a ferromagnetic live monolayer~ML ! at
the Ni/Fe interface.

By LEED and PDMEE, Lucheset al.8 obtained for thin
Fe films grown on Ni~001! evidence of intermixing between
Fe and Ni in the first 3 ML. At low temperature, Fratucel
and Prandini9 detected a strong diffusion, by Mo¨ssbauer
spectroscopy, at the Fe/Ni interface interpreted in terms
the minimization of the strain energy. Acharyaet al.10 with
conversion electron Mo¨ssbauer spectroscopy show a mixin
at the interface of Fe/Ni multilayers. The experimental inve
tigations of Lucheset al., Fratucello et al., and Acharya
et al.8–10 display clear evidence of alloying at the interfac
in agreement with the usual phase diagram11 of Ni-Fe.

From all these experimental studies a relevant po
of general agreement is a strong ferromagnetic Fe-Ni c
pling at the interfaces which display alloyed crystallin
structure. Different magnetic phases are also observe
the Fe spacer.

On the theoretical side, Raoet al.,12 using a first-
principles molecular approach, have determined the equ
rium geometry, binding energies, and magnetic propertie
FeNi clusters. The equilibrium geometries found f
(NiFe)n (n51,2,3,4) clusters have a large number of Fe
bonds, and energetically preferable isomers are those w
Fe-Ni bonds are maximized. All clusters are found to
ferromagnetic and the magnetic moments per atom of th
clusters are almost insensitive to the specific geometry. In
cases, the atomic magnetic moment is higher than those
tained for Fe and Ni in their bulk form. Moreover, the
values are almost constant: 3mB for Fe and 1mB for Ni.
©2002 The American Physical Society28-1
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The aim of the present work is to present anab initio
study of the magnetic properties of Fen /Nim(001) superlat-
tices forn51,2,3,4,5,6 andm53,5. We have used the tigh
binding linear muffin-tin orbital in the atomic-sphere a
proximation ~TB-LMTO-ASA!. The generalized gradien
approximation~GGA! is used for the exchange-correlatio
potential of the density-functional theory~DFT! because lo-
cal density approximation~LDA ! does not reproduce th
ground state of bulk13 Fe. However, it is known that non
spherical effects~completely missing from the ASA! are im-
portant to the GGA. Nevertheless, as discussed by M’Pa
Mabiala et al.14 the GGA approach used within the AS
improves considerably the agreement with the experime
results in the case of a half Mn monolayer adsorbed on
Co~001!. Indeed, both XMCD and magneto-optical Kerr e
fect ~MOKE! results displayed a ferromagnetic coupling b
tween Mn and Co whereas LDA calculations by Mez
Aguilar et al.15 obtained an antiferromagnetic coupling. It
another reason to use the GGA.

First we determine the lattice parameters of bulk fcc
and fcc Fe by minimization of the total energy. The grou
state of fcc Fe is antiferromagnetic with a lattice parame
aFe56.56 a.u. and a magnetic moment of 1mB . Depending
on the lattice parameter, metastable ferromagnetic states
high (2.5mB) and low (1.2mB) spin are also obtained in
agreement with Moruzziet al.16 We expect that these meta
stable magnetic configurations could be stabilized
pseudomorphic growth on suitable substrates. Beside
in-plane ferromagnetic configuration of Fe we have,
completeness, also considered the in-plane antiferrom
netic configurationc(232). Moreover, at the Fe/Ni inter
faces some interdiffusion could take place. We have mode
it via a monolayer containing both Fe and Ni in a
Fe0.5Ni0.5-ordered way.

II. THEORETICAL MODEL AND BULK PROPERTIES
OF IRON AND NICKEL

As stated previously, the calculations are perform
using a scalar-relativistic version of thek-space TB-LMTO
method17,18 with the atomic-sphere approximation. Th
method is usually based on the LDA~Ref. 19! of the density-
functional theory.20,21 The lattice parameters and atom
magnetic moments of the Ni and Fe fcc bulk are calcula
using LSDA and GGA by minimization of the total energ
The Langreth-Mehl-Hu22 and Perdew-Wang23 GGA func-
tionals have been tested and finally the Langreth-Mehl-
functional was retained because it gave the best agree
for Fe with other calculations.13,16,24–29As shown in Fig. 1,
our calculation versus lattice parameter of fcc Fe leads to
nonmagnetic configuration foraFe,6.46 a.u. and three
phases: nonmagnetic~NM!, antiferromagnetic~AF!, and fer-
romagnetic~FM! with low ('1.0mB) and high ('2.5mB)
spins for aFe.6.46 a.u. The AF phase is generally mo
stable than the NM and FM phases and the ground sta
obtained for a lattice parameter of 6.56 a.u. and a magn
moment of 1.0mB . Let us notice that fcc iron can only b
stabilized at low temperature as thin films epitaxially grow
on appropriate substrates. Using the LDA and Langre
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Mehl-Hu GGA the calculated lattice parameter for Ni
aNi56.61 a.u. and the magnetic moment is 0.63mB . The
Perdew-Wang GGA leads toaNi56.80 a.u., higher than the
experimental one~6.64 a.u.!. In this context it is essential to
note that there is significant difference between using
LDA or GGA. Although there exist different analytical form
for both approximations, there is nearly complete agreem
about all the conditions that have to be satisfied by the c
responding analytical representations only in the case of
LDA. In spite of the very great success of the LDA to d
scribe the properties of solids, this latter presents some d
ciencies. The LDA leads to lattice constants which are
general underestimated~the case ofa-Fe is well known!
while cohesive energies and bulk moduli are correspondin
overestimated.

As there is still no such general agreement concerning
GGA, various functionals can lead to different results, as
have probed it in the present work forg-Fe and Ni. The GGA
Perdew-Wang functional yields an incorrect description
the magnetic structure ofg-Fe and overestimates the lattic
parameter of Ni.

On the other side, it was already pointed out by Singh a
Ashkenazi30 that in the GGA, there is an increased tenden
towards magnetism in general and, in particular, towa
larger magnetic energies. Despite these deficiencies,
Langreth-Mehl-Hu GGA gives a good description of th
magnetic structure for both fcc Fe and Ni elements contr
to the Perdew-Wang functional. The overestimation of
magnetic energy in the GGA used in the present work

FIG. 1. Total energies~lower panel! and magnetic moments
~upper panel! of fcc iron obtained from TB-LMTO-ASA calcula-
tions within the GGA for different magnetic orderings. Triangl
indicate FM high spin; squares, FM low spin; stars, NM; a
circles, AF order. The ground state is AF withaFe56.56 a.u. and
mFe51.0mB .
8-2
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MAGNETIC PROFILE AND INTERLAYER EXCHANGE . . . PHYSICAL REVIEW B 66, 144428 ~2002!
study the Nim /Fen multilayers is somewhat canceled in th
calculation of the interlayer exchange coupling~IEC! which
is defined as the total energy difference between the m
stable magnetic arrangements of Fe atoms in the spacer
for FM and AF spin orientations of two successive Nim slabs.

For all the Fen /Nim superlattices studied in the prese
paper we have considered pseudomorphic growth; i.e.,
in-plane interatomic distance of Fe is chosen to be the s
as that of fcc Ni, whereas the Fe-Fe out-of-plane interato
distance is determined according to the constant volume
proximation. However, we did not calculate the distance
the Ni-Fe interface because the ASA is known to yield inc
rect results for energy changes that are connected to a
tropic deformation.31 Instead, the Ni-Fe interface distance
chosen as the arithmetic mean value of the calculated Ni
Fe lattice parameters. In order to minimize the numeri
errors we have considered in all calculations two atoms
plane and the antiferromagnetic supercell for both AF a
FM interlayer exchange couplings investigated.

III. MAGNETIC MAP AND INTERLAYER EXCHANGE
COUPLING OF FeN ÕNiM „MÄ3,5…

In this section we present the magnetic properties and
total energies of the Fen /Ni3 and Fen /Ni5 superlattices for
n51,2,3,4,5,6. We call the FM~AF! IEC the parallel~anti-
parallel! alignment of magnetic moments between two s
cessive Nim slabs. We remember that the IEC is defined
the difference of the total energy between the most sta
magnetic arrangements of Fe atoms in the spacer layer
FM and AF configurations of adjacent Nim slabs.

We notice also that since Fe atoms have larger mom
than Ni, for any cases where we considered AF Ni-Fe c
pling between next-nearest-neighbor atoms at the interf
we observe a spin flip of the Ni atom in order to have F
coupling with Fe. However, these magnetic configuratio
with AF Fe-Ni coupling at the interface are always found
be less stable.

After all these hypotheses, we investigate the followi
main points:~i! a possible dependence of the IEC versus
thickness of the Ni slabs by performing calculations
Fen /Ni3 and Fen /Ni5 for n51,2,3,4,5,6;~ii ! the Fe-Ni cou-
pling at the interface; and~iii ! the effect of Ni-Fe mixed
interfaces on the stability, the magnetic map, and the IEC

First, we discuss the magnetic maps of the Fen /Ni3 ~Fig.
2! and Fen /Ni5 ~Fig. 3! superlattices. Only the most stab
solutions for ferromagnetic~left panels of Figs. 2 and 3! and
antiferromagnetic~right panels! IEC’s are reported. The
magnetic moments on the Fe atoms at the interface with
are always enhanced as compared to the bulk fcc Fe.
enhancement depends on the Fe spacer thicknesses:
2.56mB for n51, 1.93mB for n52, 1.98mB for n53,4 and
1.95mB for n55. The magnetic moments of the Fe atom
decrease when their distance with the Ni slab increases
the case of ferromagnetic IEC~Figs. 2 and 3!, the most stable
configurations display a ferromagnetic coupling between
and Ni at the interface. Moreover, for one and two Fe lay
the superlattice remains totally ferromagnetic. If we st
with a c(232) configuration for Fe as input the converg
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solution turns out to be in-plane ferromagnetic. Forn.2 and
n odd the Fe monolayers tend to be antiferromagnetic
coupled: the induced ferromagnetic polarization by the
atoms is destroyed by the intrinsic AF coupling present
bulk Fe.

In the case of an antiferromagnetic IEC~Figs. 2 and 3!,
besides the ferromagnetic Fe-Ni coupling which is alwa
obtained at the interface, ac(232) solution in the central Fe
plane is present forn odd. Thisc(232) magnetic configu-
ration is necessary for a minimization of the spin frustratio
A case worthy to discuss is Fe1 /Ni3 and Fe1 /Ni5 where the
magnetic moments of the Ni atoms are very strongly
pressed because of thisc(232) solution in the Fe layer. Fo
Fe1 /Ni5 the magnetic moments of the interface Ni atoms
reduced by about 50% relatively to the bulk one (0.63mB). A
more drastic effect is seen for Fe1 /Ni3 where the moments o
the interface Ni atoms are strongly reduced (0.07mB).

FIG. 2. Magnetic profiles~in mB) of Fen /Ni3 (n51,2,3,4,5)
superlattices for FM and AF interlayer exchange couplings betw
Ni slabs ~left and right panels, respectively!. Dark ~open! bars
represent the values of the magnetic moments of the Ni~Fe!
atoms. Two magnetically inequivalent atoms per plane have b
considered.

FIG. 3. Magnetic profiles~in mB) of Fen /Ni5 (n51,2,3,4,5)
superlattices for FM and AF interlayer exchange couplings betw
Ni slabs~left and right panels, respectively!; dark and open bars a
in Fig. 2.
8-3
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A. HADJ-LARBI, S. BOUARAB, AND C. DEMANGEAT PHYSICAL REVIEW B66, 144428 ~2002!
Also, if as input for Fe1 /Ni3 we choose a zero magnet
moment on Fe, after convergence we obtain a solution wh
is ferromagnetic IEC. This is not the case for Fe1 /Ni5 where
a zero magnetic moment on Fe remains; this magnetic c
figuration is, however, a metastable one. Forn odd andn
.2, if we start with a zero magnetic moment on the cen
Fe layer in Fen /Ni3 and Fen /Ni5 superlattices, the converge
~metastable! solution remains with that zero moment.

The difference of the total energies between ferrom
neticEFM and antiferromagneticEAF configurations of adja-
cent Nim slabs is reported in Fig. 4 for Fen /Ni3 ~dashed line!
and Fen /Ni5 ~solid line!. We observe very similar behavio
for both Ni thicknesses. The fcc Fe film mediates a decre
ing oscillatory IEC up ton54, after which it remains of AF
type for n55 and then disappears completely forn56.

IV. MIXED INTERFACES

Since Johnsonet al.,11 it has been well known that th
Fe-Ni phase diagram shows that a stable alloy between
and Ni can be formed at any composition. Moreover, so
authors8–10,32 have explained their experiments via som
kind of intermixing in the Fe/Ni superlattices.

Here we consider only the case of an ordered Fe0.5Ni0.5
interface of one layer thick. Different local atomic arrang
ments are considered depending on the number of iron la
~Fig. 5!. If the number of Fe spacer layers is even~odd num-
ber of pure iron layers!, two different cases of covering in
terface planes are distinguished:~i! a symmetric arrangemen
where one and the same type of atom occupies the s
sublattice in both orderedc(232) magnetic interface layer
@Fig. 5~a!# and~ii ! an asymmetric arrangement in which o
particular sublattice is occupied by the opposite type of at
in the two magnetic interfaces@Fig. 5~b!#. However, from
energy point of view, these two atomic arrangements
found degenerated. The symmetric one appears more fav
only by about 6 mRy.

In the case where the number of spacer layers is
~even number of pure Fe layers! there is no distinction with

FIG. 4. The energy differences (EF2EAF) vs the number of Fe
layers for Fen /Ni3 ~dashed line! and Fen /Ni5 ~solid line!. EF and
EAF are, respectively, the energy of the Fen /Ni3 and Fen /Ni5 su-
perlattices in the case of a FM and AF interlayer exchange coup
between the Ni slabs.
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respect to an occupation of different sublattices with diff
ent types of atoms as they are geometrically equivalent@Figs.
5~c! and 5~d!#.

In Table I we report the energy differences (dE) between
the energies per supercell of the more stable states of
superlattices with perfect and Fe0.5Ni0.5-ordered interfaces
versus the value ofn @the number of Ni (m55) and Fe~n!
atoms per supercell is the same in the two cases#. All the
values reported in Table I are negative; i.e., the superlatt
with a mixed interfaces are more stable than those with p
fect interfaces for all the values ofn. For this reason we
discuss here the stability of the Fe0.5Ni0.5-ordered alloy, one
monolayer thick, at the Fe/Ni interface and the effect of t
interfacial mixing on the magnetic map of the multilayer
We focus, namely, on the spin polarization of fcc Fe a

g

FIG. 5. Schematic view of the different atomic arrangeme
considered beyond the Ni-Fe interface: Fe layers~dashed lines, gray
circles! and Ni-Fe magnetic layers~solid lines; Ni, solid circles; Fe,
open circles! stacked along the~001! direction. For an odd numbe
of Fe spacer layers the symmetric~a! and asymmetric~b! atomic
arrangements are different. For an even number of Fe spacer la
the two arrangements~c! and ~d! are geometrically similar.

TABLE I. The energy differencesdE ~mRy! between the super
lattices Fen /Ni5 with mixed layers at the interfaces and perfe
interfaces forn51,2,3,4,5. All the values ofdE ~mRy! are nega-
tive; i.e., the superlattices with mixed interfaces are energetic
more stable.

n51 n52 n53 n54 n55

dE ~mRy! 222 258 251 246 249
8-4
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MAGNETIC PROFILE AND INTERLAYER EXCHANGE . . . PHYSICAL REVIEW B 66, 144428 ~2002!
discuss the resulting IEC’s in the multilayers with the
mixed Ni-Fe interfaces.

The magnetic moments of the Fe atoms in the Fe0.5Ni0.5
mixed plane is about 2.6mB ~Fig. 6!. A decrease of the Fe
magnetic moment is shown when we go away from Ni sim
larly to the results already obtained in the case of per
Fe/Ni interfaces. For a ferromagnetic IEC and forn51,2,
the most stable solution is entirely ferromagnetic. The
magnetic moment remains close to the bulk value (0.63mB).
For n.2 the most stable solutions display some kind
antiferromagnetism—i.e.,c(232) for n53 and layered an-
tiferromagnetism forn54. Let us discuss in more detail th
casesn53 andn54 for ferromagnetic IEC between the N
slabs. Forn53 the two Fe layers are clearly ofc(232) type
and the magnetic moments opposite to the Ni polariza
are strongly diminished (0.8mB). The Ni atoms in the
Fe0.5Ni0.5 plane undergo a small diminution of their magne
moments (0.51mB). This decrease arises from thec(232)
antiferromagnetic arrangement in the Fe layers. This m
netic behavior is completely different from the correspon
ing perfect interface for which thec(232) configuration
does not exist. Forn54 only a layer antiferromagnetic ar
rangement in the Fe film is obtained. All the nearest Fe
oms surrounding Ni have their moment parallel to the
polarization, so that the magnetic moment of Ni of t
Fe0.5Ni0.5 mixed layer remains equal to 0.59mB . The mag-
netic moment of the Fe adjacent planes to the Fe0.5Ni0.5 is
1.76mB per atom whereas the atoms in the middle plane
the Fe spacer have a magnetic moment of 1.12mB opposite to
the Ni polarization.

For antiferromagnetic IEC~right panel of Fig. 6! between
two adjacent Ni slabs, the Fe film displays always an a
ferromagnetic arrangement. Due to this antiferromagnetic
der in the Fe spacer, the magnetic moments on the Ni at
of the Fe0.5Ni0.5 plane are depressed. In this Fe0.5Ni0.5 mixed
plane, the coupling between Ni and Fe is always ferrom
netic with a high Fe moment. Forn51, 6 of the 12 neares
neighbors of Ni in the Fe0.5Ni0.5 plane are Fe atoms. Th
polarization of these nearest neighbors is as follows: two

FIG. 6. Magnetic profiles ~in mB) of
Fen21 /Ni0.5Fe0.5/Ni4 /Ni0.5Fe0.5 (n51,2,3,4,5) superlattices fo
FM and AF interlayer exchange couplings between Ni slabs~left
and right panels, respectively!; dark and open bars as in Fig. 2.
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and two Ni atoms have opposite moment to the Ni cons
ered, whereas the rest~four Fe and four Ni! have parallel
moments. This magnetic neighborhood leads to a str
diminution of the magnetic moment of the considered
atoms of the Fe0.5Ni0.5 plane. Forn52,4, the more stable
state displays ac(232) configuration for the Fe centra
layer and layer antiferromagnetism forn53. The magnetic
moments of the Ni atoms of the mixed plane are 0.42mB for
n52, 0.55mB for n53, and 0.56mB for n54 and 5. Forn
53, the magnetic moments of the two inequivalent atoms
the Fe planes are 1.76mB and 1.66mB . These two atoms have
equivalent chemical neighborhoods but different magne
neighborhoods.

Magnetic moments and energies of transition metals co
be quite sensitive to interfacial relaxation especially in t
monolayer range. In order to have an idea of the variation
the moments and energies induced by this relaxation, we
fixed the distance at the Ni-Fe interface to that of fcc che
cally ordered FeNi. For this compound of Fe0.5Ni0.5 stoichio-
metric, we obtain an equilibrium lattice parameter of 6.
a.u. However, for this parameter the interfacial Ni-Fe d
tance increases only of 2% with respect to the mean va
(aFe1aNi)/2. In this case the moments and energies do
undergo significant variations.

The interesting point which can be retained for the sup
lattices with mixed interfaces is the competition between
Fe-Ni ferromagnetic coupling at the interface and the antif
romagnetic coupling between the Fe atoms. As shown in
6 the magnetic map depends on this competition. One
notice that Fe is not to be considered as a simple spacer s
it bears larger magnetic moments than Ni. The coupling
tween the Ni-Fe mixed plane and the nearest Fe plan
ferromagnetic for the more stable configurations. This can
seen by comparison of the energies of Fig. 7 and the m
netic map reported in Fig. 6. This behavior leads to a co
pletely different magnetic map and oscillatory behavior
that obtained for the superlattices with perfect interface. O
can notice, also, that fcc~100! Fe stacked planes could ten
to develop noncollinear magnetic ordering due to the g
metrical frustration of the AF fcc structure. However, the

FIG. 7. The energy differences (EF2EAF) vs the number of Fe
layers in the case of Fen21 /Ni0.5Fe0.5/Ni4 /Ni0.5Fe0.5. EF andEAF

as in Fig. 4.
8-5
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A. HADJ-LARBI, S. BOUARAB, AND C. DEMANGEAT PHYSICAL REVIEW B66, 144428 ~2002!
calculations are beyond the capabilities of the TB-LMT
ASA method used here.

In Fig. 8 we report the magnetic moment of Fe ato
versus the number of its nearest Ni neighbors. The numbe
nearest Ni neighbors depends on the position of the Fe a
in the supercell and the value ofn. The Fe atoms of
the mixed plane have ten foreign Ni nearest neighb
for n51, the corresponding magnetic moment bei
2.65mB , and eight for n52,3,4,5 with, respectively
2.6mB ,2.56mB ,2.58mB ,2.58mB and the mean value is re
ported in Fig. 8. The atoms of the Fe plane, which is adjac
to the mixed plane, have four foreign Ni nearest neighb
for n52 with 2.21mB and two for n53,4,5 with
1.71mB ,1.76mB ,1.66mB . The mean value is 1.71mB .

In support of the enhancement of Fe magnetic mom
with respect to the fcc bulk value (1mB) even far from the
interface, one can consider the experimental studies
Co/Fe multilayers which show that interactions at the Co
interface cause Fe moments enhancements that exten
least 6 ML away from interface.33

V. CONCLUSION

We have determined the magnetic map and the interla
exchange coupling in various fcc Fe/Ni superlattices. T
following points are worthy to mention.

~i! The magnetic moment of the Fe atom depends stron

FIG. 8. The Fe magnetic moment as a function of the numbe
its Ni nearest neighbors.
L

.J.

.
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on the number of Ni atoms in its first coordination shell a
it goes from a low value of 1.0mB for fcc bulk Fe to a very
high moment of 2.6mB when Fe has ten nearest Ni neighbo
~see Fig. 8 for details!. This is in agreement with the Mo¨ss-
bauer results of Fratucelloet al.3 displaying a high hyperfine
field for Fe atoms close to the Fe-Ni interface with a hig
spin ferromagnetic state and a low hyperfine field cor
sponding to the inside Fe atoms with a low
antiferromagnetic state.

~ii ! The Fe-Ni coupling is always ferromagnetic for a pe
fect interface as well as mixed layer. The iron atoms close
the interface tend to order ferromagnetically whereas the
oms inside the fcc-Fe film give rise to an antiferromagne
arrangement.

~iii ! The in-planec(232) antiferromagnetic coupling in
the Fe layers stabilizes the IEC by minimization of the fru
tration in the case of an antiferromagnetic IEC in t
Fen /Nim (n51,3,5 andm53,5) superlattices with perfec
interfaces and forn52,4 in the case of an ordered mixe
layer at the interface of Fen21 /Ni0.5Fe0.5/Ni4 /Ni0.5Fe0.5 su-
perlattices. Ac(232) configuration is also obtained in th
case of a ferromagnetic IEC forn53 for the superlattices
with mixed interface.

~iv! A nonperiodic interlayer exchange coupling betwe
the Ni slabs is found.

~v! Interfacial mixing tends to stabilize the Fe/Ni supe
lattices and modifies strongly the magnetic map and IE
This interfacial mixing was detected by LEED, PDMEE8

and Mössbauer spectroscopy9,10 so that we can consider tha
our calculation which supports this idea is realistic. Ho
ever, it is not clear if our modeling of the interdiffusio
~which is shown to stabilize the Fe/Ni superlattices! is the
real ground state. More experimental work is necessary
probe~i! the alloyed Fe-Ni interfaces and~ii ! the interlayer
exchange coupling.
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